Abstract
Introduction

Tubule formation in the developing mammalian kidney is initiated by outgrowth of the ureteric bud from the Wolffian duct (early kidney development is reviewed in [1, 2]). The outgrowing ureteric bud invades the metanephric mesenchyme and undergoes branching morphogenesis, which gives rise to a network of epithelial tubes. This tubular system develops into the collective duct network. Inductive processes lead to the condensation of the metanephric mesenchyme around the tips of the ureteric bud-derived tubules. The condensed mesenchyme polarizes, and the cells transdifferentiate into epithelial cells by a mesenchyme-to-epithelial transition process. In the course of these processes, new epithelial tubules are formed, which give rise to the nephrons.
The formation of kidney tubules in vitro is studied by using 3D gels [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The most widely used in vitro system consists of Madin-Darby canine kidney (MDCK) cells grown in 3D gels consisting of collagen I and/or matrigel [5] [6] [7] [8] 12] . A 
general drawback of such 3D gel-based systems is that high-resolution imaging of intact functional tubules within gels is difficult. In addition, tubules embedded in 3D gels are difficult to access, and manipulations or applications of drugs cannot be performed in a well-controlled manner. These challenges limit the usefulness of in vitro generated kidney tubules in functional studies and applications. One major area of interest for applications of in vitro generated kidney tubules lies in in vitro nephrotoxicity studies.
The proximal tubule, which has a length of ~13 mm in the adult human kidney, is one of the major target sites of nephrotoxic agents. Animal-or human-derived proximal tubule cells are widely applied for in vitro nephrotoxicology [13] [14] [15] [16] [17] [18] [19] [20] . Monolayer cultures are predominantly used in such studies, which give only limited insights into drug-induced effects on tubular functions and integrity. [21] [22] [23] [24] [25] [26] [27] [28] [29] . BAKs [30] (see also Fig. S1 ). The 
Proximal tubule cells are also applied in kidney tissue engineering, particularly for the development of bioartificial kidneys (BAKs)
Materials and methods
Cell culture
Different batches of HPTCs were obtained from ScienCell Research Laboratories (Carlsbad, CA, USA). They were cultured in basal epithelial cell medium supplemented with 2% foetal bovine serum and 1% epithelial cell growth supplement (ScienCell Research Laboratories). In some experiments, transforming growth factor (TGF)-␤1 (R&D Systems, Minneapolis, MN, USA) was added at a concentration of 10 ng/ml after monolayer formation. Cells were cultured on uncoated multiwell plates (Nunc, Naperville, IL, USA) or plates coated with human laminin or other extracellular matrix (ECM) coatings as described in
Results
Human renal tubule formation on 2D surfaces
In a previous study, we investigated the impact of ECM coatings on the formation and maintenance of differentiated epithelia by HPTCs in vitro [30] . After the initial formation of well-differentiated epithelia, subsequent disruption of the epithelia was consistently observed. ␣-smooth muscle actin (SMA)-expressing myofibroblasts, which appeared in increasing amounts during the culture period, seemed to play a crucial role. Herein we analysed these processes in further detail.
In accordance with our previous results, we observed initial formation of a flat and well-differentiated epithelial monolayer when HPTCs were cultured in multiwell plates (Fig. 1A) . Subsequently, increasing amounts of ␣-SMA-expressing myofibroblasts appeared. These myofibroblasts formed large aggregates (Fig. 1B) . In the surroundings of such aggregates, the epithelium became reorganized. Firstly, highly coordinated and simultaneously directed movements of large numbers of cells led to retraction of the monolayer on one side of myofibroblast aggregates, leaving behind the largely empty surface of the well (Fig. 1C, E) . Subsequently, the monolayer retracted on the other side of the myofibroblast aggregates (Fig. 1D, F) . These highly coordinated cell movements led to the formation of stripes of cells, with a length of up to several millimetres or even centimetres (Fig. 1F) . The stripes included the myofibroblast aggregates.
The cells that have organized into a stripe then performed additional dynamic reorganizations, which gave rise to tubule formation (Fig. 1G, H) . The human renal tubules formed in this way on 2D surfaces were straight and not branched, and typically have a length of several millimetres (Fig. 1G) . The tubules always remained attached to myofibroblast aggregates, which could be associated with one (Fig. 1G) or both ends of a tubule, but could also be found at mid-tubular regions. When an end of a tubule was not attached to a myofibroblast aggregate, the tubular epithelium was continuous with the remainder of the monolayer (Fig. 1G, H) . The finally formed tubular epithelium and attached epithelia were well differentiated ( Figs 1H and 3C, D) .
Cell movements involved in monolayer reorganization and tubule formation were not only highly coordinated, but also rapid. Figure 2 (Fig. S1D) , and the duration for which tubules remained stable was ~2-9 days. 
Tubules have a lumen lined by a differentiated epithelium and display transport functions
Sectioning of the tubules formed by the processes described above confirmed that the tubules enclosed a lumen (Fig. 3A, B) . The lumen was lined by a well-differentiated epithelium displaying extensive tight junction formation (Fig. 3C) . Usually, some ␣-SMA-expressing cells were associated with the tubular structures. These could be located on the outside of the tubule or within the lumen. The brush border marker ␥GTP was expressed within the tubules (Fig. 3D) [31, 32] . Stronger fluorescence was observed within the tubular lumen, as compared to the surrounding medium and the epithelial cells lining the lumen. Thus, these organic anions became enriched in the tubular lumen (Fig. 4) , providing evidence for transport across the tubular epithelium. Also, rhodamine 123, which is a substrate of the multidrug resistance-1-encoded P-glycoprotein (P-gp) transport system, became enriched in the tubular lumen (Fig. 4) . Rhodamine 123 is actively transported, whereas BODIPY FL verapamil is transported by the P-gp system via electrodiffusive anion transport [33, 34] . BODIPY FL verapamil became enriched within the cells (Fig. 4) (Fig. 5A-D) . Generally, we found that different ECM coatings consisting of laminin, collagen IV, a mixture of these components or other components could influence the timing of monolayer reorganization [30] , and the extent of myofibroblast aggregation and tubule formation (Fig. S1) . However, when tubules were formed on 2D surfaces, they always occurred by the same process as illustrated in Figures 1 and 5A-D (Fig. 6A, B) . By contrast to the centre of the well, the edge of the well has a 3D architecture. Another observation suggesting a crucial role for a 3D architecture in enhancing tubule formation was that initial retraction of the epithelial monolayer started in most cases first at the edge of the well (Fig. 6C, D) . (Fig. 7) .
Tubule formation by HPTCs on 2D surfaces and in 3D gels
In order to address tubule formation by HPTCs in 3D gels, we cultured the cells in matrigel. Tubule formation in matrigel (Fig. 5E-H) involved branching of cells at the initial stages of tubule formation and outgrowth of branched cells. Outgrowing branches then formed tubules, and budding from these tubules could occur, giving rise to branched tubular structures (Fig. 5H). It was important to note that formation of epithelial monolayers and coordinated movements of large numbers of cells were not involved in tubule formation
In order to determine whether the presence of a 3D edge indeed enhanced the initiation of tubule formation, we seeded cells in parallel on 18 mm cover slips (no 3D edge), 24-well cell culture plates (with 3D edge) and diagnostic printed slides (with 3D edge). Figure 7 shows that initial retraction of the epithelium first occurred at the edges of the wells of the 24-well plates (well diameter ϭ 15 mm) and diagnostic printed slides (well diameter ϭ 2 mm). Subsequently, monolayer reorganization as well as cell aggregate and tubule formation were observed within the wells of these devices. By contrast, the epithelial monolayer was not reorganized on cover slips during the monitoring period of 8 days, and no retraction of the monolayer occurred at the edges of the cover slips
The surface material was glass in the case of cover slips and diagnostic printed slides, whereas 24- 
inset). (D) The small arrowheads point to the cytoplasm between the DAPI-stained nuclei of the outer cell layer. The cytoplasm displays only faint 5,6-carboxyfluorescein fluorescence. 5,6-carboxyfluorescein is enriched in the tubular interior (large arrowheads). (E) BODIPY FL verapamil is enriched in the cytoplasm of tubular and monolayer cells.
Scale bars: 100 m. I) is observed. The wells of 24-well plates and diagnostic printed slides provide different surface chemistries and surface areas. However, in both cases, the edge is a 3D structure, in contrast to the edge of cover slips. Scale bar: 500 m. (Fig. 9D) . Accordingly, the expression levels, as detected by qRT-PCR, increased (Fig. 9B) (Fig. 10A) . The expression levels of myofibroblast-derived growth factors were determined by qRT-PCR in parallel with the expression levels of the myofibroblast marker ␣-SMA. In vitro cultures were monitored over a time period 4 weeks. Typically, myofibroblast aggregates appeared after 1-2 weeks of in vitro culture (Fig. S1) .
Fig. 5 Tubule formation by HPTCs on 2D surfaces and in 3D gels. (A)-(D) show tubule formation by HPTCs growing on matrigel-coated bottoms of 24-well plate wells. (A) First, a confluent monolayer is formed. (B) Subsequently, the monolayer retracts on one side. (C) Then the monolayer retracts on both sides of a myofibroblast aggregate. (D) Finally, a tubule attached to myofibroblast aggregates is formed. The process is similar to that shown in Figure 1. (E)-(H) show tubule formation by HPTCs suspended in matrigel. (E) Initially, single cells or small groups of cells are present. Note that most of these structures distributed in the 3D gel are out of focus, if a given field is imaged and appear as blurred rings on the images. (F, G) Cell outgrowth occurs (no cyst formation before cell outgrowth), leading to the formation of elongated cords or tubules. The tip cells are typically branched and display multiple filopodia (shown as enlarged in the insets; the branched cell shown in (F) appears blurred due to problems with imaging these structures within the gel). (H) Finally, thin tubules displaying multiple branches are formed. The size of tubules formed in matrigel is typically less than 1 mm, and the tubules are not attached to myofibroblast aggregates (note the different morphology of the structures shown in D and H). Scale bars: (A-D) 1 mm, (E-G) 100 m and (H) 500 m.
TGF-␤ 1 induces the initial steps of human renal tubule formation on 2D surfaces
Besides substrate architecture, interactions between epithelial cells and myofibroblasts appeared to be important for tubule formation. Unresolved questions included where the myofibroblasts were derived from, whether their presence was due to contaminations of the epithelial cells and what role they played in tubule formation. Figure 9C shows that ␣-SMA-expressing cells were not detectable by immunostaining in the initial cultures of HPTCs. The expression levels of ␣-SMA, as determined by qRT-PCR, were © 2011 The Authors Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
Fig. 6 Sensing of a 3D edge triggers tubulogenesis. (A and B) show two wells of 24-well plates with HPTCs. Multiple tubules with attached myofibroblast aggregates (two of these structures are marked by arrows) are present within these wells (well diameter ϭ 15 mm). The tubules always display a similar distance from the edge, which leads to the generation of ring-like structures consisting of tubules. (C and D) show initial retraction of the monolayer starting at the edge the wells. Uneven illumination is due to optical effects at the edge. The direction where the edge is located is indicated by large arrowheads, and part of the edge is visible in the upper right corner in (C). A part of the monolayer is visible in the lower left corner in (C). All cells of the monolayer moved simultaneously from the edge towards the centre, leaving an almost void surface behind. (D) shows a cell layer that retracted from the edge. Here, coordinated retraction from the opposite side has started, which breaks up the cell layer (marked by small arrowheads) at defined distances from the outer rim. Scale bars: (A, B) 3 mm and (C, D) 500 m.
Fig. 7 Triggering of tubulogenesis in the presence of a 3D substrate architecture. HPTCs were grown to confluency on glass cover slips (A, D and G), in the wells of 24-well plates consisting of tissue culture plastic (B, E and H), and in the wells of diagnostic printed slides (C, F and I). Cover slips with a side length of 18 mm are used. The wells of 24-well plates and diagnostic printed slides are 15 mm and 2 mm in diameter, respectively. Cells on the different devices are monitored over a time period of 8 days. (A)-(C) show the confluent monolayers at day 2. The edges of the different substrates used are indicated by large arrowheads. (E, F) Monolayer retraction starts at day 3 at the edges of the wells (marked by large arrowheads) of 24-well plates and diagnostic printed slides. This leads to areas devoid of cells (marked by a small arrowhead in F). No rearrangements are observed at (D) day 3 and (G) day 8 at the edges of cover slips (marked by large arrowheads), which do not have a 3D structure. The monolayer is still intact on cover slips. By contrast, major rearrangements are noted at day 8 in the wells of (H) 24-well plates and (I) diagnostic printed slides. Formation of tubules (marked by small arrowhead in H) and myofibroblast aggregates (marked by small arrowhead in
very low in such initial cultures, and were not higher than the expression levels in HeLa cells or human embryonic kidney (HEK) 293 cells (Fig. 9A). HeLa cells are negative for ␣-SMA [36], and HeLa as well HEK293 cells are well-established epithelial cell lines free of contaminations with other cell types. By contrast, large amounts of ␣-SMA-expressing cells could be detected by immunostaining after maintaining such initially myofibroblast-free HPTC cultures for 4 weeks under in vitro conditions
. As kidney epithelial cells can transdifferentiate into myofibroblasts under in vitro conditions by an epithelial-to-mesenchymal transition process [37], the most likely explanation for the appearance of myofibroblasts in the initially myofibroblast-free HPTC cultures is transdifferentiation of epithelial cells into myofibroblasts by an epithelial-to-mesenchymal transition process. The data also indicate that the initial cultures of HPTCs were not contaminated with ␣-SMA-expressing myofibroblasts. As tubulogenesis was initiated in the vicinity of myofibroblast aggregates, we examined which types of myofibroblast-derived signalling molecules were expressed in our in vitro cultures
Cell loss could occur in the course of reorganization events due to detachment of huge cell aggregates and epithelial sheets.
The results revealed that keratinocyte growth factor and hepatocyte growth factor were not expressed or were expressed at very low levels. In contrast, substantial expressions of TGF-␤1, leukaemia inhibitory factor and fibroblast growth factor 2 were observed, along with the expression of ␣-SMA. In all of these cases, a massive increase in expression levels was observed after 1 It has been described before that TGF-␤1 triggers the initial steps of tubule formation on 2D surfaces, namely the formation of a condensed stripe or cord of cells from a monolayer [38] . As these previous experiments were performed with rabbit cells, we tested here whether primary human cells reacted in a similar way. Indeed, treatment with TGF-␤1 led to rearrangement of the monolayer into a condensed stripe of cells and to the formation of cell aggregates (Fig. 10B-D) . This result showed that TFG-␤1 induced the initial steps of human renal tubule formation on 2D surfaces.
Discussion
Herein we showed that HPTCs form large and functional human renal tubules on 2D surfaces. Tubulogenesis on 2D surfaces involved large-scale reorganizations of epithelial sheets around myofibroblast aggregates. Budding and branching morphogenesis, typically occurring in 3D gels [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , did not play a role, and these processes are also not involved in proximal tubule formation in vivo [1, 2, 39] . Tubulogenesis on 2D surfaces was induced by TGF-␤1, which was probably released in the in vitro system by myofibroblast aggregates. It is well documented that myofibroblasts release TGF-␤1 [40] , but a possible contribution of epithelial cells to the increased levels of TGF-␤1 expression observed must be carefully addressed in future studies.
Increased expression of TGF-␤1 and appearance of myofibroblasts are a normal response to kidney injury [41] [42] [43] [44] [45] [13] [14] [15] [16] [17] [18] [19] [20] . 
